INTRODUCTION
Cancer initiation and progression are hallmarked by the loss of regulatory mechanisms that control cellular growth and proliferation. The CDKN2A (Ink4a/Arf) locus encodes two distinct tumor suppressors, p16INK4a and p19ARF (p14ARF in humans). 1 ARF has classically been regarded as an activator of p53 through its ability to bind and sequester Mdm2, the E3 ubiquitin ligase for p53, in the nucleolus. [2] [3] [4] [5] Recently, numerous p53-independent functions have been attributed to ARF, 6 including its regulation of ribosomal RNA (rRNA) synthesis and ribosome biogenesis. 7 ARF accomplishes this, at least in part, through its repressive interaction with the ribosome chaperone nucleophosmin (NPM) thereby limiting steady-state ribosome biogenesis and growth. 1, [8] [9] [10] Recently, a nucleolar proteomic screen expanded on the mechanism through which ARF controls rRNA synthesis by identifying a novel relationship between ARF and the DEAD-box RNA helicase, DDX5. 11 Basal ARF proteins restrict DDX5 access to the nucleolus and antagonize the DDX5-NPM interaction. This interference is sufficient to disrupt DDX5's role in rRNA transcription and rRNA processing. An assessment of other proteins that are involved in ribosome biogenesis, especially those that associate with NPM and/or DDX5 could reveal additional modes through which ARF acts as a potent tumor suppressor.
Drosha is a RNase III endonuclease that was originally linked with the processing of rRNAs and is now widely studied in the context of microRNA (miRNA) biogenesis. 12, 13 miRNAs represent a class of short, endogenous, non-coding RNAs that control gene expression by inhibiting translation and/or inducing degradation of specific target mRNAs.
14 Similar to rRNAs, most miRNAs initially exist as long primary transcripts (pri-miRNAs) that are processed through a series of enzymatic cleavage steps to generate mature miRNAs. [15] [16] [17] Drosha forms two different complexes, a small microprocessor complex that contains only Drosha and DGCR8 and a larger complex that contains accessory proteins, including DDX5. 18, 19 Although both complexes are capable of processing pri-miRNAs, only the latter has demonstrated the ability to process pre-rRNAs. 20 Abnormalities in mature miRNA levels as well as in the expression of miRNA processing enzymes have been linked with various types of disease. 21 Although some studies suggest that there are correlations between decreased Drosha expression and tumor incidence and prognosis, other studies have shown that reducing Drosha expression impairs rRNA processing and cellular proliferation. [22] [23] [24] [25] [26] Despite Drosha's apparent link to human diseases, little is known about its regulation. Previous studies have shown that Drosha is stabilized through its protein-protein interaction with DGCR8, but outside of this, no other forms of transcriptional or post-transcriptional regulation are known. 27 Given ARF's multifaceted involvement in mediating ribosome biogenesis and its newly characterized relationship with DDX5, a component of the Drosha processing complex, we sought to determine whether ARF impacted Drosha. In this report, we show that Drosha is post-transcriptionally regulated in an ARF-dependent manner. We identify Drosha as a unique translational target of the ARF tumor suppressor. Moreover, we show that the increased Drosha expression in the absence of Arf is required for efficient Ras-mediated cell transformation through Drosha's ability to regulate rRNA synthesis and cell proliferation.
RESULTS

Loss of Arf induces Drosha expression
Previous reports have demonstrated that ARF serves as a major regulator of ribosome biogenesis 7 and that this is due, at least in part, to its modulation of DDX5 localization and function. 7, 11 Moreover, other studies have established a clear link between DDX5 and Drosha in the processing of double-stranded RNAs, including rRNAs. 18, 20 To test whether a relationship exists between Drosha and ARF, we first compared Drosha protein levels using wild-type (WT) and Arf À / À mouse embryonic fibroblasts (MEFs). Higher levels of Drosha protein were observed in cells with genetic ablation of Arf exon 1b (Figure 1a, left) . We explored this result further by acutely manipulating the expression of ARF using either a lentivirus encoding a short hairpin RNA (shRNA) targeting Arf exon 1b, the ARF-specific exon of the CDKN2A locus, or an ARF overexpressing retrovirus. Consistent with the previous finding, acute knockdown of basal ARF expression resulted in heightened Drosha expression (Figure 1b) . Conversely, ectopic overexpression of ARF lowered Drosha expression (Figure 1c ). ARF-mediated regulation of Drosha protein expression was not MEF-specific as similar trends were observed using Arf flox/flox mouse astrocytes infected with adenoviruses encoding Cre recombinase (Figure 1d ). The array of genetic techniques used to disrupt ARF activity demonstrates a novel link between these two proteins and warranted a closer examination into the mechanism through which ARF suppresses Drosha.
ARF suppresses the translation of Drosha mRNA To determine how basal ARF modulates Drosha expression, we assessed different aspects of Drosha gene expression in response to ARF manipulation. Despite the increases in Drosha protein expression, no significant changes were observed in Drosha mRNA levels following Arf loss, acute ARF knockdown, or ectopic overexpression of ARF as determined by quantitative reverse transcription-PCR (RT-PCR; Figures 1a-d, right; Supplementary Figure S1 ). Next, we treated WT and Arf À / À MEFs with Actinomycin D to evaluate Drosha mRNA stability and observed similar rates of Drosha mRNA decay in the presence or absence of Arf (Figure 2a) . Taken together, these data indicate that ARF may post-transcriptionally regulate Drosha expression.
Previous reports identified a positive relationship between Drosha and its microprocessor partner, DGCR8, such that Drosha protein is stabilized when bound to DGCR8. 27 To address potential changes in Drosha protein stability in response to Arf loss, Drosha protein expression was measured in WT and Arf À / À MEFs following cycloheximide treatment. The rate of Drosha turnover remained unchanged in the presence or absence of Arf despite the fact that we observed significantly more Drosha at the original time of treatment in cells lacking Arf (Figures 2b and c) . Furthermore, treatment of WT MEFs with the proteosomal inhibitor MG-132 failed to induce Drosha protein levels to those observed in Arf À / À MEFs (Figure 2d ). These data suggest that the differences in Drosha protein expression were not caused by altered protein stability that led us to hypothesize that Drosha might be translationally regulated by ARF.
Basal ARF negatively regulates multiple aspects of ribosome biogenesis, including rDNA transcription, rRNA processing, and ribosome nuclear export. 7, 9, [28] [29] [30] Although it is possible that ARF's antagonizing role in these processes may disrupt the global translation of all mRNAs, existing data suggest that select genes may be translationally regulated by ARF. 31 Having ruled out ARF regulation of Drosha transcription, mRNA, and protein stability, we sought to determine the effects of Arf loss on the translation of existing Drosha mRNAs. We compared the percentage of Drosha mRNA transcripts associated with actively translating polyribosomes (polysomes) in WT and Arf À / À MEFs. Ribosomes were detected in lysates separated in sucrose gradients by continuous measurement of RNA absorbance (A 254nm ). Loss of Arf enhanced the overall formation of polysomes actively engaged in mRNA translation as previously described (Figure 3b ). Quantitative RT-PCR was performed to evaluate the distribution of Drosha mRNA transcripts in monosome-, disome-, and polysomecontaining fractions. Drosha mRNAs were abundant in the heavier polysome fractions 11-13 in the absence of Arf, shifting away from lighter polysomes in fraction 9 from WT cells ( Figure 3c ). Importantly, GAPDH (glyceraldehyde 3-phosphate dehydrogenase) mRNA transcript distribution remained unchanged across polysomes (Figure 3d ), suggesting that Arf loss does not globally affect the translation of every cellular transcript but rather leads to selective mRNA translation.
ARF knockdown alters the expression of only a subset of mature miRNAs despite higher levels of Drosha To begin to understand the downstream effects of heightened Drosha translation, we sought to compare global miRNA expression patterns upon ARF knockdown. It was previously reported that alterations in known miRNA processing factors failed to alter specific mature miRNA expression, suggesting that the microprocessor itself does not act at a rate-limiting stage of this process in some instances. 32 Nevertheless, in order to measure the impact of ARF knockdown on the miRNA signature of these cells, a Taqman array platform was used to quantify the changes in expression of over 300 mouse-specific miRNAs. The goal was to identify miRNA expression that was significantly altered (41.4-fold change). Although approximately 50% of all miRNAs examined on the array were either undetectable or present at very low levels (C T 431) in MEFs, there were 34 miRNAs that underwent significant changes in expression (11 upregulated Reduced Drosha expression impairs rRNA processing and cellular proliferation in the absence of Arf Similar to its accessory protein partner, DDX5, Drosha has been implicated in rRNA processing. 8, 33 As it has been shown that cells lacking Arf process rRNA precursors more efficiently than their WT counterparts, 7, 9 we hypothesized that reducing Drosha expression in Arf À / À MEFs would impair rRNA processing. Two independent lentiviral shRNA constructs encoding different Drosha-specific shRNAs were used to obtain sufficient knockdown relative to the luciferase control hairpin (Figure 5a ). We monitored the processing of the initial 47S pre-rRNA transcript via [methyl-
3 H]-methionine pulse-chase analysis 7 revealing a delayed accumulation of mature 28S and 18S rRNAs in cells following Drosha knockdown (Figure 5b) . In a separate experiment, WT MEFs were infected with a retrovirus encoding Drosha to determine whether elevated Drosha levels could accelerate ribosome biogenesis. Here, we discovered a more rapid accumulation of mature 28S and 18S rRNAs in cells expressing Drosha versus vector-transduced cells (Supplementary Figure S3) . Together, these data imply that Drosha is not only required to enhance the processing of nascent rRNA transcripts in the absence of Arf but also that the upregulation of Drosha associated with Arf loss is sufficient for increased rRNA maturation.
Drosha's role in facilitating rRNA synthesis suggested that it might also be critical for cell proliferation. In cells depleted of Drosha by shRNA knockdown, we observed a dramatic decrease in proliferation rates relative to control-infected cells (Figure 5c ). Furthermore, Arf À / À MEFs were dependent on elevated Drosha expression for long-term proliferation; Arf À / À MEFs plated at low density formed fewer colonies following Drosha knockdown after 12 days in culture (Figure 5d ). Taken together, our results show that cells lacking Arf rely on augmented Drosha expression to maintain aberrant and rapid cellular proliferation rates.
Drosha knockdown promotes apoptosis
To investigate whether the decrease in proliferation was linked to a change in cell viability, we analyzed the cell-cycle distribution of Figure S4a) . In accordance with the aforementioned proliferation data, the G1 and G2/M distribution of Droshadepleted cells was significantly reduced compared with control knockdown cells. In addition, the population of sub-G1 cells was significantly larger upon Drosha knockdown (5.19% shLuc versus 49.53% shDrosha 1 or 37.78% shDrosha 2), which represented cells with a hypodiploid genome because of DNA degradation, a commonly associated feature of cells undergoing apoptosis (Figure 6a) .
In order to determine whether apoptosis accounted for the differences in Arf À / À cell proliferation upon Drosha knockdown, we sought to quantify the population of cells undergoing apoptosis by flow cytometric analyses with FITC (fluorescein isothiocyanate)-Annexin-V and propidium iodide double staining. Arf À / À cells maintain an active p53 response to DNA damaging agents, and transient etoposide treatment properly induced apoptosis in these cells (Supplementary Figure S4b) . Approximately 60-70% of Drosha-depleted Arf À / À MEFs stained positive for Annexin V compared with only 10% of control cells (Figure 6c ), indicating that Drosha knockdown decreases cell proliferation, at least in part, by greatly increasing apoptosis. Caspase-mediated cleavage of the PARP (poly ADP-ribose polymerase) protein is an indicator of cells undergoing apoptosis. In agreement with our observed Annexin-V staining, enhanced cleavage of PARP was observed in Drosha-knockdown cells relative to control knockdown (Figure 6b ). ARF protects normal cells from oncogenic Ras V12 transformation by activating a p53-dependent growth arrest or apoptotic response. 34 However, in the absence of Arf, MEFs transduced with Ras V12 undergo cellular transformation, an event that can be both observed and quantified by anchorage-independent growth in soft agar. 35 To determine whether elevated Drosha levels phenocopied Arf loss, WT MEFs ectopically expressing Drosha and Figure S5) .
Although overexpression of Drosha alone was not sufficient to transform immortal Arf À / À cells, we hypothesized that Drosha might be necessary for Ras V12 transformation in the absence of Arf. To test this hypothesis, Arf À / À MEFs were first infected with retroviruses encoding oncogenic Ras V12 followed by transduction of Drosha-specific shRNAs (Figure 7a ). Reduction of Drosha protein expression was sufficient to impair Ras V12 -driven colony formation and anchorage-independent growth as indicated by a reduction in both the number of colonies and their overall size (Figures 7b  and c) , implying that Arf-deficient cells transformed by oncogenic Ras V12 require elevated Drosha expression to maintain the transformed phenotype.
DISCUSSION
The tumor-suppressor nature of ARF was originally ascribed to its ability to stabilize and activate p53 in the presence of oncogenic stress. Over the past decade, numerous groups have established ARF as a potent multifaceted tumor suppressor that is not only crucial for the cellular response to oncogene activation but also capable of monitoring steady-state ribosome synthesis and growth in a p53-independent manner. [2] [3] [4] [5] 8, 9, 28, 29 Aside from the p53-MDM2 network, NPM was one of the first proteins to be associated with ARF; 8, 30 this novel interaction suppresses ribosome nuclear export, a rate-limiting step of ribosome biogenesis. 10, 36 More recently, a dynamic relationship between ARF and the DDX5 RNA helicase was revealed, further illustrating how ARF is able to control ribosome output through the coordinated regulation of rRNA transcription and rRNA processing. 7, 11 Given that loss of Arf, a common event in cancer, enhances several important steps of ribosome maturation, one might predict that a global increase in protein translation would ensue under these conditions. Although future work pertaining to this hypothesis is required, a previous study as well as the data presented here, present a scenario that disruption of Arf expression likely initiates a selective translational program that accounts for an overall pro-growth phenotype. 31 The initiation of this selective translational program could provide a more permissive cellular environment for secondary oncogenic driver mutations, resulting in a more robust transformative phenotype.
The RNase III endonuclease, Drosha, participates in several essential cellular processes, most notably, the processing of prerRNA and pri-miRNA intermediate species. Given the role of these small non-coding RNAs in development and disease, it is conceivable that the machinery responsible for their maturation must be tightly monitored. To date, very little is known about the mechanisms through which Drosha is regulated. Here, we presented evidence that Drosha expression is controlled at the level of translation in an ARF-dependent manner. Although we have demonstrated that existing Drosha mRNAs are excluded from polysomes in the presence of ARF, further studies will be needed to provide insight into the precise mechanism through which ARF antagonizes Drosha transcript association with polyribosomes. Given Drosha's ability to promote rRNA processing and increase cytosolic ribosome availability, this could represent a feed-forward loop. Heightened Drosha levels would stimulate ribosome production that, in turn, would enhance Drosha mRNA translation. However, this over-simplified loop does not take into account any selective translation. Rather, translational selectivity could occur through miRNA-directed translation. Here, we show that loss of Arf and the concomitant increase in Drosha levels impact the miRNA profile of these cells, albeit not globally. This is in agreement with previous findings that the Drosha-containing microprocessor does not serve as a rate-limiting factor in miRNA processing. 32 It is possible that one or more of the 23 miRNAs that were repressed upon ARF knockdown might target the Drosha transcript. This could account for the lack of Drosha translational repression under these conditions.
Preceding studies have yielded conflicting results regarding Drosha's role in cell growth, proliferation, and transformation. [22] [23] [24] [25] [26] Alterations in RNASEN (gene encoding mouse and human Drosha) copy number have been correlated with specific types of cancer, but there is no clear trend that exclusively establishes this RNAprocessing enzyme as a tumor suppressor or oncogene. Our findings indicate that in Arf-deficient primary mouse fibroblasts, Drosha has an important role in mediating enhanced cell growth and proliferation. Drosha knockdown impaired rRNA processing, ribosome biogenesis, and reduced the proliferation rate of cells while activating an apoptotic cell death response. Furthermore, we uncovered a critical role for elevated Drosha expression in maintaining Ras V12 -induced cellular transformation. Given the well-established association between increased translation rates, proliferation, and neoplastic transformation, perhaps Drosha makes a required cellular process, such as ribosome biogenesis, more efficient to accommodate the overwhelming protein synthesis demands following exposure to oncogenic stimuli. In this setting, oncogenic Ras requires the elevated ribosome biogenesis that heightened Drosha provides. In the absence of Arf and presence of activated Ras V12 , loss of Drosha expression acts as a synthetic lethal event-triggering apoptosis. Thus, we have established a novel regulatory link between Drosha and ARF that not only defines the growth properties of these two proteins but also highlights new mechanisms through which they function to establish a pro-or anti-tumor regimen.
MATERIALS AND METHODS
Cell culture and reagents
Low passage (P3-P5) primary B6/129 WT and Arf À / À MEFs were isolated and cultured as previously described. 10 For western blot analysis, membranes were probed with the following antibodies: rabbit antiDrosha (ab12286; Abcam, Cambridge, MA, USA); rat anti-p19ARF (sc-32748), rabbit anti-p16INK4a (sc1207), mouse anti-p21 (sc6246), rabbit antiRas (sc520), and mouse anti-g-tubulin (sc17787; all from Santa Cruz Biotechnology, Santa Cruz, CA, USA); rabbit anti-cleaved PARP (#9544; Cell Signaling, Danvers, MA, USA). For apoptosis assay, etoposide (Sigma, St Louis, MO, USA) was used at a final concentration of 50 mM.
Plasmids and viral production
For Drosha overexpression, the Drosha ORF was first PCR amplified using cDNA derived from MEF total RNA. The following primers were used: forward 5 0 -GACGATATCGGACGCATCGAGATGCAAGG-3 0 , reverse 5 0 -GACG ATATCCCACTCCTGCCCTCGTTTAC-3 0 . The Drosha ORF was then cloned into the pBabe-puro retroviral backbone. The EcoRV sites flanking the ORF allowed for blunt-end ligation into the SnaBI site of pBabe-puro. pBabe-puro-H-Ras V12 was a generous gift from Martine Roussel (St, Jude Children's Research Hospital, Memphis, TN, USA) and pBabe-HA-ARF has been previously described. 10 Retroviral production was performed as previously described, 37 and collected retrovirus was used to infect MEFs in the presence of 10 mg/ml polybrene.
pLKO.1-puro constructs obtained from the Genome Institute at Washington University were used for RNA interference (RNAi) against Drosha and Arf. Sequences for the shRNAs are 5 0 -CCTGGACAAGTTGATAGG ATA-3 0 for Drosha (here named shDrosha 1), 5 0 -CTTCGAGAAGTCTGGCTC AAT-3 0 also for Drosha (here named shDrosha 2), and 5 0 -TCTACT GGTCTGCCTAAAGGT-3 0 for the luciferase control. pLKO-puro-shARF has been previously described. 38 For lentiviral production, 5 Â 10 6 293T cells were cotransfected with pCMV-VSV-G, pCMVDR8.2, and pLKO.1-puro constructs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Forty-eight hours post-transfection, viral supernatants were collected and pooled.
Quantitative RT-PCR Total RNA and RNA from monosome, disome, and polysome fractions were extracted using RNA-Solv (Omega Bio-tek, Norcross, GA, USA). For polysome profiling experiments, first-strand cDNA synthesis and real-time PCR were done as previously described. 39 To amplify Drosha and GAPDH mRNAs, the following primers were used: Drosha forward, 5 0 -CGATGGCCAATTGTTTTGAAGCC-3 0 ; Drosha reverse, 5 0 -CGGACGTGAGT GAAGATCACTC-3 0 ; GAPDH forward, 5 0 -GCTGGGGCTCACCTGAAGG-3 0 ; and GAPDH reverse, 5 0 -GGATGACCTTGCCCACAGC-3 0 . Real-time PCR was performed on an iCycler apparatus (Bio-Rad, Hercules, CA, USA) using iQ Sybr Green Supermix (Bio-Rad). Fold change was calculated using the DDC T method. 40 Drosha and Gapdh transcripts per cell were calculated by extrapolation from a standard curve generated from serial dilutions of a known quantity of subcloned cDNA.
RNA and protein stability
To assess mRNA stability, MEFs were treated with 4 mg/ml actinomycin D (Sigma), harvested at 0, 2, 4, and 8 h post-treatment, and subjected to RNA isolation, cDNA synthesis reaction, and quantitative RT-PCR analysis using the real-time primers for Drosha and GAPDH listed above. A second pair of Drosha primers was also used to ensure specificity; Drosha forward 5 0 -GATTGCCAACATGCTCCAGTGG-3 0 ; Drosha reverse, 5 0 -GCTAGGAGGTGGC-GAAGTTTCAC-3 0 . To examine protein stability, cells were treated with 25 mg/ml cycloheximide (Sigma), harvested at 0, 2, 4, 6, and 8 h posttreatment and subjected to western blot analysis. For proteosomal inhibition experiment, MEFs were treated with dimethyl sulfoxide (mock) or 40 mM MG-132 (Sigma) for 8 h and then subjected to western blot analysis.
Ribosome fractionation
WT and Arf -/-MEFs were treated with cycloheximide (10 mg/ml) for 5 min before harvesting to stall ribosomes on mRNAs. Cells were counted, and cytosolic extracts prepared from 3 Â 10 6 cells were subjected to ribosome fractionation as previously described 38,41 using a density gradient system (Teledyne ISCO, Lincoln, NE, USA). Drosha and Gapdh mRNA distribution per fraction was calculated as a percentage of the total number of transcripts in all collected fractions.
Ribosomal RNA processing Equal numbers of infected WT or Arf À / À MEFs were grown in methioninefree starvation media containing 10% dialyzed fetal bovine serum for 15 min. Cells were treated with 50 mCi/ml [methyl-3 H]-methionine for 30 min and chased in complete media spiked with cold methionine (10 mmol/l) for the indicated times. Extracted RNA was separated on agarose-formaldehyde gels and transferred to a Hybond XL membrane (GE Healthcare, Piscataway, NJ, USA). The membrane was cross-linked and sprayed with En 3 Hance (Perkin-Elmer, Waltham, MA, USA) before autoradiography. Band intensities were quantitated using ImageQuant TL (GE Healthcare).
Screening of miRNA expression WT MEFs were infected with a control-or ARF-specific shRNA for 72 h before extraction of total RNA using the miRNeasy kit (Qiagen, Courtaboeuf, France). TaqMan Megaplex RT was performed using 750 ng of input RNA according to the manufacturer's protocol, and real-time PCR was run on the 384-well micro-fluidic TaqMan miRNA Array Card A using the Applied Biosystems 7900HT Real-Time PCR System (Applied Biosystems, now Life Technologies; Carlsbad, CA, USA). Data were processed and exported with Applied Biosystems SDSv2.2.1 software. Once again, relative quantification was performed using the DDCt method, using U6 as a reference.
Foci formation and proliferation assays
For cell proliferation assays, infected Arf À / À MEFs were plated in triplicate at 5 Â 10 4 cells per well. Every 24 h thereafter, cells were harvested and counted using a hemacytometer (Hausser Scientific, Horsham, PA, USA). Cells were grown for 14 days in complete medium and then were fixed with 100% methanol and stained for 30 min with 50% Giemsa. Colonies were quantified using ImageQuant TL (GE Healthcare).
Cell-cycle distribution analysis
Infected Arf À / À MEFs (1 Â 10 6 ) were washed once in phosphate-buffered saline (1% fetal bovine serum) and then fixed in ice cold 100% ethanol. DNA was stained with propidium iodide (20 mg/ml; Sigma) in the presence of 1 mg/ml RNase A (Sigma). Cells were analyzed for DNA content by flow cytometry using a FACSCalibur instrument (Becton Dickinson Instruments, Franklin Lakes, NJ, USA). The data were analyzed using CELLQUEST analysis software (Becton Dickinson).
Apoptosis analysis
Equal numbers of infected Arf À / À MEFs were stained with FITC-Annexin V and propidium iodide using the Vybrant Apoptosis Assay Kit #3 (V13242; Molecular Probes/Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. For a positive control, cells were treated with etoposide (50 mM) for 16 h. Cells were analyzed by flow cytometry as described above.
Soft agar
Arf À / À MEFs were first infected with Ras V12 or pBabe empty vector and then selected in puromycin (2 mg/ml). Following drug selection, the cells were infected with pLKO1.1 luciferase or pLKO1.1 shDrosha. For soft-agar colony formation, 1 Â 10 
